Featured Application: Rapid, sensitive and low cost detection of heavy metal ions can be readily achieved by various sensing strategies using glutathione as a molecular probe.
Introduction
In general, heavy metals are the metals with relatively high mass densities (above 5 g/cm 3 ), such as platinum, gold, mercury, and lead. The definition of heavy metals varies from discipline to discipline due to different concerns and perspectives. For physiology and pathology, heavy metals mainly refer to heavy elements with obvious biotoxicity. In terms of toxicity, the most common heavy metals include lead (Pb), mercury (Hg), arsenic (As), cadmium (Cd), and chromium (Cr) [1] [2] [3] [4] . These heavy metal ions (HMIs) accumulate in the human body and cause chronic poisoning, resulting in damage to the immune, gastrointestinal, reproductive, and nervous systems [5] [6] [7] . Long-term exposure to heavy metals may even cause cancer in humans [8] . Being non-biodegradable, HMIs will continue to exist for decades and even hundreds of years if they are released into the environment [9] . With increasing human activities in mining and manufacturing, etc., HMI contamination and pollution pose great risks to ecological and human health [10, 11] . Therefore, it is of great importance to be able to effectively screen for and quantitatively determine HMIs in a range of situations, including food safety, environmental pollution, and clinical diagnosis. Many international organizations and regulatory GSH has a sulfhydryl group on the cysteinyl portion. The sulfhydryl group is known to coordinate with a wide range of metal ions. For surface-based or nanoparticle-based HMI sensors, GSH is usually immobilized on gold nanoparticles or electrodes. Numerous experiments indicate that there is a strong binding force between gold and the (-SH) group. It is expected that, during probe immobilization, Au-S bonds are formed to link GSH molecules onto the gold surface [32] [33] [34] [35] . As a result, only one amino (-NH 2 ) and two carboxyls (-COOH) are still available to bind with metal ions.
A number of published papers have demonstrated that via the two free (-COOH) groups, strong binding with Pb 2+ is preferred over that with other HMIs [35] [36] [37] . It was found that the solution pH has a strong effect on the affinity of the GSH-Pb 2+ complex. At around pH 7, (-COOH) is deprotonated to (-COO-). Known as an oxyphilic ion, Pb 2+ can combine with four acetate molecules or eight oxygen atoms [33] . Within a pH range of 4-8, binding between Pb 2+ and (-COO-) will predominate over other reactions. Under the same pH condition, (-NH 2 ) is protonated to (-NH 3 + ), which is hypothesized to prevent GSH from combining with other ions due to its charges [33, 37] . Therefore, good affinity and selectivity can be achieved for GSH-Pb 2+ binding. There exist a number of reports on using GSH to specifically detect Pb 2+ from a mixture of multiple HMIs. Nevertheless, detection of metal ions other than Pb 2+ can also be achieved using GSH-based sensors. The GSH support material and the solution pH value play an important role in the HMI-GSH complexation pattern. Research has shown that GSH's conformational structure is strongly influenced by the solution pH [38] . Various functional groups in GSH can participate in complexation under different working conditions, leading to a certain selectivity. For example, GSH-capped quantum dots (QDs) are often used to detect HMIs other than Pb 2+ . In [39] , GSH immobilized on sulfurand nitrogen-co-doped carbon QDs presented free (-SH) groups for binding, which showed strong affinity to Hg 2+ as opposed to other metal ions (Ag + , Al 3+ , Ba 2+ , Cu 2+ , Pb 2+ , etc.) and realized specific detection of Hg 2+ . Simultaneous detection of Cr 2+ and Pb 2+ was reported using GSH-coated magnetic nanoparticles (NPs) [40] , as GSH molecules were immobilized onto Fe 3 O 4 NPs through a hydrogen bond. In this detection scheme, NH 4+ , Na + , Mg 2+ , Hg 2+ and other MIs caused no obvious responses, except for Cd 2+ and Pb 2+ . This was attributed in part to the negative charges on the functional groups of GSH [40] , since the testing was done at a pH of 4.5. Simultaneous detection of multiple HMIs is thus possible by adjusting the solution pH and the GSH immobilization strategy. However, complexation reactions between GSH and HMIs are complicated and difficult to predict, and the detection outcome under particular conditions usually needs to be verified through experimental results.
The foregoing introduces the interactions and formation of complexes between GSH and HMIs, which are the basis for the specific recognition of certain HMIs by GSH-based detection methods. To convert specific binding between GSH and HMIs into a quantifiable signal, a transducer is needed, which can take many different shapes and forms. Transduction schemes may have effects on the sensor performance as well, especially the plasmon-based detection that depends on the interaction between metal ions and nanoparticles. In next section, various GSH-based detection platforms are presented and discussed, with a focus on optical and electrochemical methods.
Heavy Metal Ion Detection Platforms Using Glutathione
Based on a signal transduction strategy, most of the GSH-based HMI detection methods can be categorized into two groups: optical methods and electrochemical methods. Then, each method is further divided into subtypes based on the support materials for GSH.
Optical Techniques

Metallic-Nanoparticle-Based Platforms
Metallic nanoparticles (NPs) are between 1-100 nm in size with a high surface charge density, a high surface to volume ratio, and, oftentimes, special optical properties due to a localized surface plasmon resonance (LSPR) effect. For these reasons, metallic NPs have been widely used in diverse biological and chemical applications, especially for biochemical detection. Various types of biochemical molecules can be easily incorporated onto the NPs while retaining their biochemical activity. For HMI detection, most metallic NPs are made of gold and some are silver, with gold NPs (GNPs) being the most widely used material in HMI sensors. Other shapes of NPs, such as nanorods and nanostars, have been adopted for sensing [41, 42] .
From the instrumentation point of view, two types of optical methods are commonly reported for Pb 2+ detection: colorimetric and fluorescent detection. Other types of optical transduction techniques, such as an LSPR sensor (detection of molecular interactions near a nanostructured metal surface through shifts in the LSPR spectral peak) and dynamic light scattering (DLS) have also been reported. Fundamentally, the NP-based colorimetric assay is also based on the phenomenon known as LSPR. In assays based on noble metal NPs, as is well-known, there are a large number of free electrons on the metal surface. When incident photons resonate with free electrons on the NP surface, it will cause a collective charge oscillation. This in turn generates surface plasmon waves, leading to strong electromagnetic fields on the NP surface and enhanced light adsorption and scattering. The plasmon resonance frequencies of gold and silver NPs are generally in the 600-750 nm and 400-550 nm spectral ranges, respectively. Both LSPR sensors and colorimetric assays have been adopted in heavy metal ion detection. Molecular interactions between metal ions and the ligands on NPs will result in changes in the local refractive index near the NP surface. The changes in the refractive index of the surrounding environment is approximately linear with the LSPR peak wavelength shift. In practice, an LSPR sensor is mostly a surface-based method, while a colorimetric assay is solution-based. Typically, LSPR sensors are implemented using a surface with metallic nanostructures, which is functionalized with ligands to bind with metal ions. Binding between the ligands and the metal ions leads to the formation of a self-assembled monolayer (SAM) on the sensor surface. To find changes in the refractive index of a sensor's SAM, a spectral analysis is applied on the SAM film to find the shift in the LSPR peak wavelength. Due to the small size of the metal ions that are added to the SAM during testing, an extinction measurement is usually used. Colorimetric detection is based on the size-dependent optical property and aggregation/dispersion of metal NPs in a solution. Because particle aggregates are of a large size, about tens of nm, in large quantities, a spectral absorbance measurement is often used, and sometimes the color change can be observed by the naked eye.
An LSPR sensor for Pb 2+ detection was developed using GSH-functionalized GNPs in [33] . In this report, GNPs were immobilized on a transparent indium tin oxide (ITO) glass substrate, then the ITO/GNPs stripes were functionalized with GSH. The ITO/AuNPs/GSH was used as a plasmonic probe. When the binding between GSH and Pb 2+ occurred, the local refractive index at the ITO/AuNPs/GSH surface changed. As a result, a red-shift in the LSPR peak wavelength was observed when Pb 2+ was added into the solution. The Pb 2+ detection was performed at pH 7.5, which was demonstrated to be a suitable pH value to recognize Pb 2+ . This platform achieved a limit of detection (LOD) of 50 pM in 15 min, with a good selectivity against other MIs, such as Hg 2+ , Cu 2+ , Mg 2+ , and Na + .
Colorimetry is based on measuring the change in peak absorption wavelength between the dispersed and aggregation modes of NPs, which is caused by the addition of target analytes into a testing solution. Any change in the size, shape, or geometry of NPs will change the local electron confinement, leading to a change in the absorption maxima. Then, the color of the colloidal solution will change. This change between dispersion and aggregation and the subsequent color change is the basis of colorimetric detection when using metallic NPs to detect specific metal ions. A colorimetric method was developed for Pb 2+ detection using GSH-functionalized GNPs (GSH-GNPs) in [43] . Normally, GSH can inhibit the aggregation of GNPs in solutions with a high concentration of salt. A carboxylate anion of GSH capping the GNPs will exhibit strong interparticle electrostatic repulsion between GNPs. When Pb 2+ are added, complexes will form between Pb 2+ and the carboxyl group of GSH. As a result, the stability of GSH-GNPs are reduced, making GNPs aggregate even under the high salt concentration in solution. Because the color of the GNP solution depends on the GNP size or aggregates, Pb 2+ detection can then be achieved by a colorimetric analysis, either using a UV-vis spectrophotometer or naked eyes.
In [43] , Pb 2+ was detected by the colorimetric response of GSH-capped GNPs, with the color turning from red to purple in the presence of Pb 2+ . During testing, NaCl-based aqueous solution was added to the samples to reach a high salt content. The limit of detection (LOD) was found to be 100 nM. After the addition of Zn 2+ , Co 2+ , Fe 2+ , and eight other types of metal ions, all at 50 µM, negligible responses were observed in contrast to that of 20 µM Pb 2+ , indicating that this approach is a specific platform to detect Pb 2+ . Based on the transient curve of the absorption ratio (A700/520), the response time was optimized to be 25 min.
For fluorescence-based detection, a turn-on fluorescent nanoprobe for Pb 2+ with a fast response was reported recently [44] . The working mechanism is aggregation-induced emission (AIE), which is considered to be an effect induced by a ligand-to-metal-metal charge transfer (LMMCT) through Au-S motifs due to aurophilic interactions. In [44] , GSH was used as a thiolate ligand to detect Pb 2+ . GNPs capped with GSH via an Au-S bond were synthesized first. When Pb 2+ was added into the system, its strong affinity with GSH caused the GSH-GNPs to aggregate. Then, this aggregation induced a strong fluorescence with an emission peak at 595 nm recorded by a fluorescence spectrometer. In this work, the sensitivity of the designed sensor was significantly improved by adding ethanol. The positive role of ethanol was further investigated, which demonstrated its ability to induce dense NP formation. Furthermore, the ratio of ethanol to the sample solution was optimized, which led to maximal sensitivity when detecting Pb 2+ .
Considering that the added Pb 2+ needed to be mixed with the testing solution and incubated for 1 min, this method required about 1 min of testing time, which showed a faster than average response time when compared to similar optical sensing platforms, with their response time ranging from 15 s to~40 min) [32, 35, 42, 43, 45] . In this work, only the presence of Pb 2+ caused strong luminescence of GSH-GNPs under UV light, while other ions at a 10-fold higher concentration showed no obvious responses, indicating a good selectivity for Pb 2+ detection. The control metal ions included Ca 2+ , Cu 2+ , Mn 2+ , Fe 3+ , Fe 2+ , and Hg 2+ .
In another work of fluorescence-based Pb 2+ detection, highly fluorescent silver nanoparticles (AgNPs) were synthesized and used as the probe in this competitive assay [45] . The AgNPs used in this work were initially protected by GSH from water, and the AgNP solution was orange in color due to the surface plasmon resonance band. Without GSH, AgNPs would dissolve in water and the orange fluorescence intensity would decrease. Detection of Pb 2+ was realized when the presence of Pb 2+ caused the dissociation of GSH from AgNPs.
To synthesize these water-soluble silver NPs, Ag + was reduced to Ag 0 using the reducing agent of hydrazine as shown in Figure 2 . The aqueous solution of GSH along with NaOH was mixed into AgNO 3 solution, where NaOH was used to keep the solution pH neutral. Then, hydrazine was added as a reductant and the solution was incubated for 8 hours. Orange fluorescent GSH-coated AgNPs were obtained after being washed. In the presence of Pb 2+ , GSH would bind with Pb 2+ to form a stable complex, leaving the AgNP surface. AgNPs would then dissolve as schematically shown in Figure 2 . Here, the mechanism for complexation between Pb 2+ and GSH was due to the cysteinyl S-donor atom in GSH. As shown in Figure 2 , cysteine acts as a tridentate ligand for Pb 2+ .
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In this work, fluorescence spectra and UV-visible absorption were utilized to indicate the 245 concentration of GSH-protected AgNPs. The initial color of the solution containing fluorescent GSH- The fluorescence spectra in the presence of Pb 2+ from 200 ppq to 2000 ppm are represented in Figure 3a , and the fluorescence intensity at 660 nm in the presence of different types of Pb 2+ salts are given in Figure 3b . The assay took less than 20 min from Pb 2+ binding to detection and analysis. This fluorescence assay is highly sensitive to Pb 2+ , with a low LOD of 200 parts per quadrillion (ppq). In addition, six kinds of different lead salts, such as PbSO 4 and PbCO 3 , were also tested, which exhibited similar responses as shown in Figure 3b . To demonstrate the selectivity, various alkaline or transition heavy metal ions, including Cd 2+ , Zn 2+ , and Hg 2+ , were tested as shown in Figure 3b . All of the non-target metal ions were tested at a high concentration of 100 parts per billion (ppb), with no obvious decrease in the fluorescence intensity of the solutions, demonstrating good selectivity between Pb 2+ and other HMIs. Furthermore, water samples from the Mississippi river, and dissolved plastic toys, batteries, and paints, were tested. Those tests yielded Pb 2+ concentrations from several tens of ppb to several hundreds of parts per million (ppm), which were in good agreement with the results by ICP-MS, demonstrating the practical value of this Pb 2+ detection platform.
Different shapes of NPs were adopted in other reports. For example, GSH mediated end-to-end assembled gold nanorod (GNR) chains [41] . After GNRs of a certain aspect ratio and dimension were synthesized using gold seeds, they were functionalized with GSH. Because GSH tends to complex with GNRs at the endpoints of {111} facets through (-SH) groups, the appended zwitterionic of GSH at the GNR endpoints will become coupled by a two-point electrostatic interaction. The GNRs are then aligned to form a chain through the end-to-end linkage. The chain formations of the GNR were found to be broken in the presence of 0.025 mM Pb 2+ , and a number of dimers were observed. The mechanism is depicted in Figure 4 , including the processes of assembly and disassembly.
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As discussed in Section 2, when Pb 2+ is added, its higher affinity with the carboxyl group against 273 other HMIs makes it possible to specifically detect Pb 2+ . When GNR chains were disassembled due 274 to the addition of Pb 2+ , the size of the GNR chains decreased by more than half, i.e., about 230 nm. As discussed in Section 2, when Pb 2+ is added, its higher affinity with the carboxyl group against other HMIs makes it possible to specifically detect Pb 2+ . When GNR chains were disassembled due to the addition of Pb 2+ , the size of the GNR chains decreased by more than half, i.e., about 230 nm. Dynamic light scattering (DLS) was employed for precise measurement of the hydrodynamic size of nanorods. The nanorod size measured by DLS was used to indicate the Pb 2+ level and the selectivity of Pb 2+ against other ions. The selectivity of this detection method was verified in the presence of various ions, such as Cu 2+ , Hg 2+ , Zn 2+ , Mn 2+ , Ni 2+ , and NH 4+ . The stronger affinity between Pb 2+ and (-COOH) than that of other HMIs makes it possible to specifically detect Pb 2+ , as discussed in Section 2. Analytes other than Pb 2+ did not induce disintegration of the assembled chains. The LOD of this method reached 0.025 mM.
GSH-based sensing systems often operate with Pb 2+ as their target metal ion, as discussed in the foregoing examples. Other than Pb 2+ , arsenic (As 3+ ), nickel (Ni 2+ ), and cadmium (Cd 2+ ) detection have also been reported using GSH-capped metal NPs, which are also common HMIs of significance in environment and food safety monitoring.
A study on As 3+ detection was conducted based on GSH/4-mercaptopyridine (4-MPY)-modified silver nanoparticles (AgNPs), and a surface-enhanced Raman scattering (SERS) spectrum was employed to find the As 3+ concentration [46] . Both GSH and 4-MPY were conjugated to AgNPs by Ag-S or Ag-N bonds. The GSH-modified AgNPs can bind with As 3+ through GSH by forming an As-O linkage, and 4-MPY act as the Raman reporters. One As 3+ could link with three AgNPs to produce SERS "hot spots". Subsequently, in the absence of As 3+ , the AgNP solution adding GSH and 4-MPY remained yellow in color. With the addition of As 3+ into the AgNP colloidal solution, aggregation of the AgNPs occurred, and the solution's color turned to brown due to AgNP aggregation. In SERS spectra, there were some specific peaks related to As 3+ detection, and the intensity around 1018 cm −1 was chosen for quantification of As 3+ .
This sensor reached an LOD at 0.76 ppb (10.2 nM) for As 3+ detection, and the incubation time between the addition of As 3+ sample and the measurement was 2 min for every test. According to [46] , the GSH/4-MPY-capped, AgNP-based sensor had an acceptable selectivity against other common metal ions (MIs). When testing 1.34 µM As 3+ ions against other metal ions (Cd 2+ , Cu 2+ , Cr 3+ , Zn 2+ , Ni 2+ , Fe 3+ , and As 5+ at 1.34 µM and K + , Hg 2+ , Mg 2+ , Pb 2+ , Ca 2+ , and Mn 2+ at 13.4 µM), only As 3+ could induce a significant increase of SERS signals. Further, As 3+ detection of drinking water was performed by the standard addition method, demonstrating recovery rates around 98.1~104.1%. While a GSH ligand could bind with many kinds of metal ions, the specificity of this assay could be attributed to the characteristics of SERS sensing, which is dependent on the charge interaction on and between AgNPs and As 3+ , as well as the molecular structure and size.
Ni 2+ detection by GSH-capped noble metal NPs has also been reported [47, 48] , which was also based on the color change between dispersed and aggregated modes of NPs. The work in [47] investigated the conditions for aggregation of GSH-GNPs induced by Ni 2+ . For GSH-capped GNPs used in the detection of Pb 2+ , those assays were performed in a neutral or slightly acidic environment. In [47] , the assay was sensitive to Ni 2+ , Cu 2+ , and Zn 2+ at pH 9.8.
The solution's pH value was carefully adjusted to observe the effects on the GSH-GNP aggregation in the presence of Ni 2+ . UV-visible spectra were used to obtain the ratios of the absorbance intensity at 610 and 520 nm (E610/520), which indicated the degree of GNP aggregation. E610/520 changed obviously with pH, and reached a maximum when pH was about 10, which is different from the neutral pH condition for Pb 2+ detection. Ni 2+ had little effect on GSH-GNP aggregation when the pH value was lower than 9.0. Using FTIR, the study found that GSH was immobilized on GNPs through its cysteine sulfhydryl group and the carboxylic acid group (-COOH) of the glycine residue. Carboxyl and amine groups of the glutamyl moiety were available to bind with metal ions. At pH 6.4, after adding Ni 2+ , only carboxyl, and not amine, groups contributed to the coordination between Ni 2+ and GSH, while at pH 9.8, both carboxyl and amine groups participated in the coordination. The work actually found that this assay was sensitive to many other metal ions. At pH 6.4, GSH-capped GNPs exhibited weak affinity to Ni 2+ while showing strong affinity to Cu 2+ and Fe 3+ , metal ions with strong affinity to the carboxyl group. At pH 9.8, GNP aggregates were formed for metal ions (Ni 2+ , Cu 2+ , and Zn 2+ ) with strong affinity to the deprotonated amine group. Pb 2+ and Hg 2+ were not tested in this work. The ratios of the absorbance intensity at 610 and 520 nm demonstrated a proportional increase with the concentration of Ni 2+ from 10 µM to 80 µM [47] .
In [48] , AgNPs were used to specifically detect Ni 2+ in water. GSH was functionalized onto the surface of AgNPs through the cysteine sulfhydryl group of GSH. It is hypothesized that carboxylate groups of the glycine moiety and amine groups from the glutamate moiety are responsible for the crosslinking between GSH-capped AgNPs and Ni 2+ . The addition of Ni 2+ would cause a broadening of the surface plasmon absorption band and a color change from yellow to deep orange of the solution. The ratio of the absorbance intensity (A500/A396) was used for quantification of the Ni 2+ . The dose response showed a linear correlation with the logarithm of Ni 2+ concentration over the range of 10 −6 -10 −4 mol/L with the linear detection limit of 7.5×10 −5 mol/L. For control tests, the assay also showed a non-negligible response to Co 2+ . Pb 2+ was not tested. While assay conditions here are not noticeably different to those developed for Pb 2+ detection, it should be noted that AgNPs were used here as opposed to GNPs. The generation of a plasmon resonance may have a different preference for metal ion complexation when different NPs are used.
Very recently, a competitive assay using free GSH and unmodified GNP was reported for Cd 2+ detection [49] . Since GSH was in free form in this detection system, it could bind with metal ions or GNPs through any of the functional groups, i.e., sulfhydryl, carboxyl, and amino groups, on GSH, which may contribute to its somewhat different specificity from that of most GSH-GNP assays. The detection was based on the formation of GNP aggregates in a high-salt solution when GSH preferentially conjugated with Cd 2+ . First, test samples were added into GSH solution, then unmodified GNPs were added. The solution was then mixed with 1 M NaCl solution and incubated for 17 min. Without Cd 2+ , GNPs became conjugated with GSH, and were monodispersed in the high-salt solution. When Cd 2+ was added, GSH complexed with Cd 2+ preferentially owing to its high affinity to Cd 2+ . The color of aggregated GNPs showed yellow or red in dark-field images, which were observed through a dark field microscope. UV-vis absorption spectra was also used to indicate the sensitivity and selectivity of this strategy. It is necessary to point out that, in this report, the detection conditions were optimized carefully. The optimized parameters included the pH value of the solution (6.2), the salt concentration (50 mM), the GSH concentration (1.13 µM), and the reaction time (17 min) . This detection method was demonstrated to be sensitive from 9.6 nM up to 11.67 µM, and it also showed a selectivity of Cd 2+ against Pb 2+ , Hg 2+ , Ni 2+ , and seven other kinds of HMIs, all at a concentration of 11.67 µM.
After surveying metallic-NP-based HMI detection platforms, we found that GSH-functionalized metallic NPs, especially GNPs, have been widely adopted for metal ion detection. Because of the stronger binding force between gold and the (-SH) group in GSH, and the specific binding ability between (-COOH) group and Pb 2+ , Pb 2+ is the most common HMI to be specifically detected. On the other hand, there were also some reports that detected HMIs other than Pb 2+ under different conditions, such as high pH or using unbounded GSH. As an essential part of the HMI detection platform, a number of optical characterization methods can be used to quantify the HMI concentration, such as a UV-vis spectrophotometer, dynamic light scattering (DLS), as well as colorimetry. More HMI detection examples using NPs are listed in Section 3.3.
Semiconductor Quantum-Dot-Based Platforms
As an important discovery originally found in the 1990s, semiconductor quantum dots (QDs) have attracted intense research interest for their excellent luminescence properties. In contrast to traditional fluorescence techniques, QDs have advantages in excitation spectra, photo-luminescence quantum efficiency, and so on [50, 51] . Reports of new QD-based sensors are on the rise. Most of the reported QD-based HMI detection schemes utilized II-VI semiconductor QDs. As an example, using Mn-doped ZnS QDs, [52] reported a Pb 2+ detection scheme by phosphorescence measurement. Phosphorescence is generated by the energy transfer from the lowest vibrational energy layer of the excited Mn 2+ triplet state to the vibrational energy layer of the ground state. Mn-ZnS QDs are a popular II-VI semiconductor QD for biosensor applications. Because Mn-ZnS QDs can be functionalized without using deoxidants and other inducers, they are convenient to work with. Furthermore, Mn-ZnS QDs have a long-lived doped emission, which can set the signal of Pb 2+ detection apart from interference by autofluorescence and scattering light.
GSH was chosen to be the capping agent due to its specific binding with Pb 2+ . To investigate the GSH coating mechanism, a Fourier transform infrared (FTIR) spectrometer was used to indicate the existence and change of functional groups or bonds. The disappearance of the S-H stretching vibrational peak was observed in the FTIR spectra after GSH was coated onto the Mn-ZnS QDs, which indicated the binding between GSH and Mn-ZnS QDs via (-SH) groups. This is similar to the immobilization mechanism when using noble metal NPs [35] [36] [37] . Furthermore, the pH was optimized to be 7.5, which was also in agreement with the Pb 2+ detection condition discussed previously [33] .
When Pb 2+ ions were added into a solution at a pH of 7.5, the intensity quenching of GSH-Mn-ZnS QDs was observed, which was proportional to the increase in Pb 2+ concentration. Normalized phosphorescence intensities to the blank solution (P/P 0 ) at 590 nm were used to quantify the Pb 2+ concentration. The selectivity of this method was investigated by testing other common metal ions in water, including Na + , Ca 2+ , K + , Mg 2+ , Mn 2+ , Co 2+ , Zn 2+ , Fe 3+ , Cd 2+ , Hg 2+ , and Cu 2+ . No metal ions yielded significant responses other than Pb 2+ , all at a concentration of 100 nmol·L −1 . This demonstrated the selectivity of Pb 2+ detection. The sensor showed a wide linear range of (1.0~100 µg/L) and an LOD of 0.45 µg/L. Furthermore, real water samples were tested containing spiked Pb 2+ . The detection results were in good agreement with those measured by the standard ICP-MS method, indicating the practical application value of this platform.
Recently, on simultaneous HMI detection of Pb 2+ , Cr 3+ , and Hg 2+ in water, a luminescence probe using layered double hydroxides (LDHs) loaded with Mn-ZnS QDs was reported [53] . In this work, the preparation of QDs on LDH was a key process. GSH-Mn-ZnS QDs nanocrystals were first synthesized. Then, a hydrothermal method was adopted to make Mg-Al-CO 3 LDHs. Lastly, GSH-Mn-ZnS QDs were immobilized on an Mg-Al-CO 3 LDH by diluting the QD solution in deionized water, adding the LDH, centrifuging the slurry, and performing a drying operation. After the solution to be tested was dropped onto the QD-LDH powder, the luminescence spectra were measured. Due to the transition of Mn 2+ in the ZnS host lattice from the triplet state ( 4 T 1 ) to the ground state ( 6 A 1 ), Mn-ZnS QDs emit luminescence at the wavelength of 590 nm, which displays as an orange color. The luminescence spectra of QD-LDH in aqueous buffer with various metal ions of 1 mM are shown in Figure 5a , and the corresponding intensities are given in Figure 5b . In Figure 5 , DMB (Dimethyl aminoethyl benzoate) and RhB (Rhodamine B) as well as phenol are tested as organic interferents. According to Figure 5 , only Pb 2+ , Cr 3+ , and Hg 2+ cause luminescence intensity quenching, while the other HMIs do not cause an obvious luminescence intensity change. In [49] , the probable reason why Pb 2+ , Cr 3+ , and Hg 2+ caused luminescence quenching was hypothesized as follows. It was attributed to the nonradiative recombination caused by cation exchange and competition of ligands. On the other hand, when the surface status of QDs covered with GSH were changed, the luminescence properties would be affected immediately. Even when the binding of GSH to the surfaces was only slightly broken, the luminescence intensity would be notably reduced.
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The luminescence spectra of QD-LDH in aqueous buffer with various metal ions of 1 mM are 417 shown in Figure 5(a) , and the corresponding intensities are given in Figure 5(b) . In Figure 5 , DMB CdTe QDs are also extensively studied for biosensor applications. The authors in [54] reported specific detection of Pb 2+ based on electrochemiluminescence (ECL) of CdTe QDs capped with GSH and thioglycolic acid (TGA). The general strategy and process to detect HMI was similar to the aforementioned method based on GSH-capped Mn-ZnS QDs in [53] . The primary function of GSH here was to bind Pb 2+ with free (-COOH) groups and (-NH 2 ) groups. Because the ECL intensity of QDs was low when the QDs were capped with GSH alone, TGA was introduced to improve the sensitivity in this method. Both GSH and TGA were working as stabilizers for the QDs, which led to a much higher photoluminescence quantum yield. As stated in [55] , a quantum yield of 63% from CdTe QDs capped by GSH and TGA was achieved as opposed to about 40% using a regular synthetic method without TGA. In [54] , the ECL signal was measured in the presence of Pb 2+ . As expected, the ECL signal of GSH-TGA-CdTe QDs was observed to decrease. Because of the high affinity of GSH to Pb 2+ by (-COOH) and (-NH2), the surface property of the QDs changed, leading to an obvious ECL intensity decrease. As a figure of merit, selectivity in HMI detection is always crucial. When different metal ions, such as Ca 2+ , Na + , Hg 2+ , Cu 2+ , Zn 2+ , and Fe 2+ , were added, only Hg 2+ induced noticeable ECL quenching, showing an acceptable selectivity. The LOD of this method reached 0.26 nM, and according to the response curves, the detection time was about 15 s.
As a relatively new medium, semiconductor QDs are much more versatile and easier to use than conventional fluorescence labeling dyes due to their controllable characteristics of luminescence, which are simply dependent on crystal size. Not surprisingly, other types of QDs have also been investigated for HMI detection. Although carbon itself is not a semiconductor, carbon dots with a diameter below 10 nm exhibit typical quantum dot effects. Sulfur-and nitrogen-co-doped carbon nanoparticles (SNCNs) by GSH were reported to detect Hg 2+ specifically [39] . A one-pot solid-phase thermal treatment of GSH was adopted to obtain the functionalized fluorescent carbon dots. Fluorescence spectra were recorded to quantify the fluorescence quenching degree related to Hg 2+ concentration. Using the synthetic method of a one-pot solid-phase thermal treatment, there were plenty of (-SH) on the carbon dots' surface, which was presumed to provide dominant affinity to Hg 2+ rather than other HMIs, leading to a good selectivity to other non-target ions ( 
HMI Detection Combined with Electrochemical Techniques
Based on our survey of the field, most HMI detection techniques utilized optical techniques to extract the sensing signal. These optical methods have obvious advantages, such as visualization, but may be less advantageous when it comes to field deployability and affordable readout systems. As a result, HMI detection platforms by electrochemical techniques are also worth investigating. Among the electrochemical techniques, field effect transistors (FETs) and working electrodes are the two representative devices.
Field Effect Transistor-Based Platforms
An electrochemical sensing platform using a reduced graphene oxide (rGO)/gold nanoparticle (GNP) FET was developed to detect Pb 2+ in water [34] . The rGO/GSH-GNP hybrid structure was formed on the FET channel and the GNPs were equivalent to the gate of the FET. There was an electronic transfer between the rGO and the GNPs. When the carrier concentration in the rGO changed, the external characteristics of the FET changed. Here, the rGO was used as a conducting channel to transport charge carriers. If the analytes were captured by functionalized GNPs, the charge carrier concentration would be changed, which subsequently caused a current change in the channel of FET. The current change was found to correlate with the Pb 2+ concentration in this work, with the Pb 2+ concentration in a range from 10 nM to 10 mM.
In this approach, amino-terminated Au electrodes as the source and drain were employed to anchor the graphene oxide. As shown in Figure 6 , a monolayer α-ethyl-tryptamine (AET) film was first chemically anchored on the source and drain electrode surface. Thermal reduction of GO to rGO was performed. Then, rGO monolayer sheets were self-assembled on the AET-modified electrodes. The next step was assembling GNPs onto the rGO film. Lastly, GSH was immobilized onto GNPs on the rGO sheet surface. In this study, GSH linking with GNPs was considered through -SH linkage. In addition to the complexation mechanism introduced previously, it was hypothesized in [34] that the anions of rGO have electrostatic interactions with Pb 2+ , improving the specific binding to Pb 2+ by GSH. A Keithley 4200 semiconductor characterization system was used to measure the change in the FET's electrical characteristics before and after adding Pb 2+ . The drain current (I ds ) acts as the indicator of Pb 2+ concentration, which would be changed as a function of the gate voltage (V gs ) and the drain voltage (V ds ). Hence, Pb 2+ of different concentrations could be detected. 
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The authors in [34] reported that the response time was as short as several seconds and the LOD 490 of Pb 2+ was 10 nM. Furthermore, tests of Hg 2+ , Ag + , Cd 2+ , As 5+ , Cu 2+ , and Zn 2+ , all at 10 μM, the same 491 as the Pb 2+ concentration, were performed as control experiments. The change of Ids was very slight
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when the control HMIs were tested, which demonstrated the selectivity of Pb 2+ detection.
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Recently, there was another similar report on Pb 2+ detection using an rGO-modified FET 494 integrated with a microcontroller-based analyzer [19] . The FET consisted of an rGO channel and an
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Al2O3 thin layer working as a gate. The GNPs capped with GSH were sputtered onto the Al2O3 thin 496 film gate to capture Pb 2+ in water. Then, a microcontroller was applied to realize a capacitance 497 measurement. The specific binding mechanism was not mentioned in this report. However, based on 498 the foregoing discussion in this review, the mechanism of specific detection of Pb 2+ using GSH-GNPs 499 is attributed to the strong affinity between Pb 2+ and (-COOH) as described in Section 2. Interestingly, 500 the drain current was not adopted to indicate the analyte concentration as is commonly done. Instead, 501 a square pulse wave in series with a reference resistor was used to calculate the time constant of the 502 distorted signal across the drain-source interface, apparently extracting the gate capacitance change 503 due to Pb 2+ binding.
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For specificity, this sensor exhibited a specific response to Pb 2+ against other common HMIs as The authors in [34] reported that the response time was as short as several seconds and the LOD of Pb 2+ was 10 nM. Furthermore, tests of Hg 2+ , Ag + , Cd 2+ , As 5+ , Cu 2+ , and Zn 2+ , all at 10 µM, the same as the Pb 2+ concentration, were performed as control experiments. The change of I ds was very slight when the control HMIs were tested, which demonstrated the selectivity of Pb 2+ detection.
Recently, there was another similar report on Pb 2+ detection using an rGO-modified FET integrated with a microcontroller-based analyzer [19] . The FET consisted of an rGO channel and an Al 2 O 3 thin layer working as a gate. The GNPs capped with GSH were sputtered onto the Al 2 O 3 thin film gate to capture Pb 2+ in water. Then, a microcontroller was applied to realize a capacitance measurement. The specific binding mechanism was not mentioned in this report. However, based on the foregoing discussion in this review, the mechanism of specific detection of Pb 2+ using GSH-GNPs is attributed to the strong affinity between Pb 2+ and (-COOH) as described in Section 2. Interestingly, the drain current was not adopted to indicate the analyte concentration as is commonly done. Instead, a square pulse wave in series with a reference resistor was used to calculate the time constant of the distorted signal across the drain-source interface, apparently extracting the gate capacitance change due to Pb 2+ binding.
For specificity, this sensor exhibited a specific response to Pb 2+ against other common HMIs as well as cations in water, such as Zn 2+ , Mg 2+ , Fe 3+ , and HAsO 4 2− . Here, the Pb 2+ concentration was 2.5 ppb and the others were of a concentration of 10 ppb. The response for Pb 2+ was at least 12 times larger than those of the control subjects, demonstrating a good selectivity for Pb 2+ detection. A rapid response of 1~2 s and an overall assay time of~10 s were achieved, which was fast compared with other existing HMI detection techniques. The LOD of this platform was below 1 ppb, and the approximate linear operational range was 5~20 ppb, which was around the limit amount (15 ppb) of lead that the U.S. EPA imposes as a restriction for drinking water. As an added bonus, this work produced a compact platform utilizing a preprogrammed microcontroller.
Working-Electrode-Based Platforms
Over the years, nanostructures have become a must to obtain good sensitivity. The electrodes used in this method are all modified with nanomaterials on their surface. Based on a graphene-modified electrode, an electrochemical detection of Cd 2+ was performed by square wave anodic stripping voltammetry (SWASV) [56] . A thoroughly cleaned glassy-carbon electrode (GCE) was adopted to be the working device. Then, an rGO/carboxymethyl cellulose (CMC)/glutathione (GSH) film was coated on the polished bare electrode by coating their suspension followed by drying steps. By analyzing the electrochemical behavior, the rGO/CMC/GSH nanocomposite exhibited a good performance of carrier transport. Electrochemical impedance spectroscopy (EIS) was used to characterize the functionalized electrode. The rGO/CMC/GSH/GCE showed a smaller semicircle in the Nyquist plot compared with other electrodes, which indicated low interface resistance and rapid interfacial charge transfer, which can be considered as advantages when using this nanocomposite structure.
The functionalized GCE is described in the schematic diagram of Figure 7 . Detection of Cd 2+ (2 nM) using bare and modified electrodes was compared under the voltage of (−1.0~−0.6 V). The response peak current of rGO/CMC/GSH/GCE was much sharper and higher than those of control electrodes, such as GO/GCE, rGO/GCE, and rGO/CMC/GCE. Three reasons were attributed to the enhanced peak current. There were a larger surface area and better conductivity of the electrode from GO; more (-OH) and (-COOH) groups provided by CMC, which can chelate with Cd 2+ ; and eight heterogeneous active sites in GSH for Cd 2+ coordination.
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To demonstrate the selectivity of Cd 2+ , equimolar samples at 10 nM of Cu 2+ , Zn 2+ , Hg 2+ , and Cd 2+ 537 were tested. Except for Cd 2+ and Pb 2+ , the other HMIs showed no obvious response. As for Pb 2+ , the 538 authors claimed that its current peak was lower than that of Cd 2+ . So, there existed specificity for Cd 2+ 539 in this detection method. According to this research, the LOD of Cd 2+ reached 0.05 nM, and the 540 detection time was optimized to be 120 s considering the Cd 2+ deposition process onto the electrode.
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In another variation of nanomaterial-modified electrodes, a screen-printed carbon nanofiber 542 electrode combined with GSH was developed for metal ions detection using a voltammetric 543 measurement [57] . In this report, the GSH-modified electrode was electrografted onto a screen-544 printed carbon nanofiber substrate (GSH-SPCNFE). In contrast to the classical screen-printed carbon 545 electrode modified with GSH (GSH-SPCE), this method exhibited much better electrochemical To demonstrate the selectivity of Cd 2+ , equimolar samples at 10 nM of Cu 2+ , Zn 2+ , Hg 2+ , and Cd 2+ were tested. Except for Cd 2+ and Pb 2+ , the other HMIs showed no obvious response. As for Pb 2+ , the authors claimed that its current peak was lower than that of Cd 2+ . So, there existed specificity for Cd 2+ in this detection method. According to this research, the LOD of Cd 2+ reached 0.05 nM, and the detection time was optimized to be 120 s considering the Cd 2+ deposition process onto the electrode.
In another variation of nanomaterial-modified electrodes, a screen-printed carbon nanofiber electrode combined with GSH was developed for metal ions detection using a voltammetric measurement [57] . In this report, the GSH-modified electrode was electrografted onto a screen-printed carbon nanofiber substrate (GSH-SPCNFE). In contrast to the classical screen-printed carbon electrode modified with GSH (GSH-SPCE), this method exhibited much better electrochemical characterization, indicating better GSH immobilization. An electrochemical workstation was used for stripping measurements, and the sensing was performed based on a three-electrode system in acetate buffer (pH 4.5). Ag/AgCl/KCl and Pt wire worked as the reference and auxiliary electrode, respectively, and a GSH-SPCNFE was used as the working electrode. Voltammetry was applied to analyze the target metal ion complexation level after the metal ions had been deposited onto the electrode for 120 s. As for the binding mechanism, the authors believed that the thiol group in the GSH played an important role to complex with HMI in their experiment. Pb 2+ and Cd 2+ could be detected at two different potentials, both with an LOD of about 3.0 µg/L.
In addition, a practical sample of a wastewater-certified reference material (ERM®-CA713) was tested. In this application, Pb 2+ was specifically detected as expected. Because the selected reference material contained Cr, Cu, Mn, Ni, and so on, which were at concentrations not lower than Pb 2+ , and the detected concentration of Pb 2+ was in agreement with the certified metal value, the selectivity of this HMI detection technique was verified. Although the LOD was not so outstanding, these modified electrodes could be stored for weeks without obvious activity decline, showing a good potential towards commercialization.
In principle, the ready-made or commercial electronic devices, such as GCE and FET, are advantageous in transferring the HMI concentration information to an electrical signal. Although electrochemical detection of HMIs is not as popular as optical detection, electrochemical sensing platforms also have merits, in that they are more convenient, compact, and cheaper to implement.
Summary of HMI Detection Platforms Using GSH
In summary, GSH has been adopted as the probe molecule in a variety of HMI detection platforms. These detection platforms have demonstrated good detection performance, such as a low LOD and a fast response. Some of them have been applied to practical samples with acceptable outcomes. The platforms discussed above present commonly reported detection methods, and are not an exhaustive list of all existing GSH-based HMI sensors. Table 1 gives a more comprehensive summary of recently reported HMI detection platforms using GSH. In addition to the examples discussed in the review, Table 1 includes some less-used detection methods with their operational characteristics. As every application has its own unique requirements, different considerations go into choosing a certain detection platform. For example, it is difficult to find a sensor with high sensitivity and a very fast response at the same time. Some trade-off is needed when choosing a detection method. It is our hope that this summary will provide some guidance for choosing a suitable strategy to detect certain HMIs. 
Concluding Remarks
Heavy metal contamination is one of the major concerns in an ever-increasingly industrialized world. Broad applications of heavy metals in modern industries, agriculture, and medicines have led to their widespread distribution in the environment. The toxic effects of heavy metals have proven to be the source of many health risks. Some of them, such as lead and mercury, are considered to be highly hazardous to humans even at a trace level, and are ranked as priority metals that are of public health significance. Therefore, it is crucial to develop effective detection techniques that are user-friendly, affordable, fast, and sensitive for point-of-need detection and monitoring.
Among various approaches to detect HMIs, GSH is gradually becoming a popular probe due to its strong affinity with several HMIs and its flexibility with the sensing methods and materials. With multiple functional groups of (-SH), (-COOH), and (-NH2) on it, GSH is a versatile probe capable of binding with several metal ions, either individually or together at the same time. By adjusting the testing conditions, such as the solution's pH value, GSH exhibited a tunable complexation ability to different HMIs, with maximum affinity for Pb 2+ at a pH of around 7. While most GSH-based HMI detection platforms were designed to specifically detect Pb 2+ , targets other than Pb 2+ have also been reported using GSH probes under different conditions.
When using GSH as a probe, the benefit is more than rich functional groups on its surface for HMI detection. A variety of sensing strategies can be realized, owing to GSH's compatibility with diverse sensor materials and signal transduction methods. This comprehensive review emphasizes the advances made in the development of novel optical, electrochemical, and other GSH-based sensors for the detection of toxic heavy metal ions. Based on their signal transduction strategies, the reported HMI sensors can be broadly classified into optical methods and electrical methods. Optical detection is typically used in coordination with noble metal NPs and semiconductor QDs, while electrochemical methods often use FETs and working electrodes as the transducers. Each has its strengths and weaknesses. The optical methods use a new batch of NPs or QDs for each test, avoiding any need to modify the detectors themselves, while electrochemical methods require a newly modified device for each test. Based on the review, electrochemical methods are quicker to obtain results than optical methods with comparable LODs, and optical methods are less susceptible to interferences than electrochemical methods.
To make these systems suitable for real-world applications, such as environmental monitoring and biological testing, much effort is needed to overcome the challenges that these sensors currently face, such as assay robustness, qualitative and quantitative analysis, control of sample temperature and pH, user-friendliness, and cost-effectiveness. Further, for field-deployable applications, miniaturization of these sensors and detectors, and simplicity and automation in the measurement procedure, are additional challenges.
